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Introduction 


Retinoids,  a  group  of  natural  and  synthetic  analogues  of  vitamin  A  (retinol),  can 
modulate  cell  growth  and  differentiation  in  vitro  and  in  vivo  (Gudas  et  al.,  1994).  An 
inverse  relationship  between  retinoids  levels  and  carcinogenesis  has  been  observed  over 
the  last  two  decades.  Vitamin  A  deficiency  in  experimental  animals  is  associated  with  a 
higher  incidence  of  cancer  and  with  increased  susceptibility  to  chemical  carcinogens 
(Moon  et  ah,  1994).  Further,  epidemiological  studies  showed  that  individuals  with  a 
lower  dietary  vitamin  A  intake  are  at  a  higher  risk  to  develop  cancer  (Hong  and  Itri, 
1994).  Experimental  models  of  carcinogenesis  have  demonstrated  the  efficacy  of 
pharmacological  levels  of  retinoids  in  preventing  the  development  of  cancers  of  the  skin, 
oral  cavity,  lung,  mammary  gland,  prostate,  bladder,  liver,  and  pancreas  in  animals 
exposed  to  carcinogenic  agents  (Moon  et  ah,  1994).  Thus,  strong  evidence  exists  that 
retinoids  can  prevent  some  types  of  cancers.  Much  in  vitro  and  in  vivo  data  indicate  that 
retionoids  play  a  role  in  the  prevention  of  prostate  cancer  (Nanus  and  Gudas,  2000). 

The  biological  effects  of  retinoids  are  mainly  mediated  by  two  classes  of  nuclear 
retinoid  receptors:  retinoic  acid  receptors  (RARs)  and  retinoid  X  receptors  (RXRs) 
(Mangelsdorf  et  ah,  1994).  The  receptor  RAR(3  is  not  expressed  in  a  number  of  malignant 
tumors,  including  prostate  cancer,  lung  carcinoma,  squamous  cell  carcinoma  of  the  head 
and  neck,  breast  cancer,  and  esophageal  carcinoma  (Hu  et  ah,  1991;  Swisshelm  et  ah, 
1994;  Zhang  et  ah,  1994;  Xu  et  ah,  1994;  Qiu  et  ah,  1999).  It  has  been  suggested  that  the 
decrease  in  RAR|3  expression  may  lead  to  resistance  to  the  growth  inhibitory  actions  of 
retinoids.  Indeed,  transfection  of  RAR|3  into  RAR|3-negative  cervical,  breast,  and  lung 
cancer  cells  increased  cell  responsiveness  to  growth  inhibition  and  induction  of  apoptosis 
by  retinoids  (Li  et  ah,  1998;  Si  et  ah,  1996;  Seewaldt  et  ah,  1995;  Liu  et  ah,  1996;  Weber 
et  ah,  1999).  Stable  expression  of  RAR|3  in  a  RAR|3-negative  prostate  cancer  cell  line, 
PC-3,  also  potentiates  the  growth  inhibitory  effects  of  vitamin  D3  analog  and  retinoids 
(Campbell  et  ah,  1998). 

In  order  to  understand  the  function  of  the  transcription  factor  RAR(3,  it  is 
imperative  that  target  genes  regulated  by  RAR|3  are  identified  and  analyzed.  I  have 
already  successfully  performed  experiments  to  identify  some  of  the  target  genes  of  RARf) 
in  F9  cells  by  the  use  of  subtractive  hybridization  and  DNA  expression  micorarray 
techniques.  By  employing  these  two  methods,  I  have  identified  many  target  genes, 
including  transcription  factors,  protein  tyrosine  kinases,  homeobox  proteins, 
oncoproteins,  ion  channels,  etc.  Northern  blot  analysis  was  used  to  examine  the 
regulation  of  the  expression  of  these  putative  RAR(3  target  genes  by  RA  both  in  F9  Wt 
and  F9  RARfL-/-  cells.  The  regulation  of  these  genes  by  RA  was  also  examined  by 
Northern  blot  analysis  in  F9  RARa-/-  and  RARy-/-  lines  which  were  generated  by 
homologous  recombination  in  our  laboratory. 


Body 

•  Carried  out  transient  transfection  experiment  to  delineate  how  ELF3  gene  is 
transcriptionally  regulated  by  RARJJ  and  RA.  To  delineate  how  the  ELF3  gene  is 
transcriptionally  regulated  by  RARp  and  RA,  we  amplified  a  lkb  promoter  region  of 
mouse  ELF3  gene  by  PCR.  We  cloned  this  promoter  fragment  into  a  luciferase  construct 
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PGL3  (ELF3-luc).  We  transfected  this  plasmid  with  or  without  other  expression  vectors 
into  F9  wild  type  cells.  Transfected  cells  were  treated  with  RA  or  retinol  for  two  days  and 
luciferase  activity  was  assayed.  The  result  showed  that  RA  induced  activity  of  the  1  -kb 
ELF3  promoter  (ELF3-luc)  about  2.3  fold  in  F9  Wt  cells.  In  contrast,  retinol  has  no  effect 
on  ELF3  promoter  activity.  Co-transfection  of  RAR|3  or  COUP-TF2  (COUP)  expression 
vectors  did  not  enhance,  but  rather  reduced  RA  effect  (Figure  1).  Additional  analyses  are 
underway  to  identify  the  sequences  required  for  this  transcriptional  response. 


Figure  1.  RA-induced  transcription  of  a  luciferase  construct  driven  by  ELF3 
promoter.  F9  Wt  cells  were  incubated  and  transfected  with  1  pg  of  indicated  plasmids. 
Cells  were  incubated  in  culture  medium  with  or  without  indicated  retinoids  for  2  days. 
Cells  were  lysed  and  cell  extracts  were  assayed  for  luciferase  activity. 


•  Examined  the  effects  of  retinol  vs.  RA  on  COUP-TFI  and  COUP-TFII  mRNA 
expression  in  F9  Wild-type  cells. 

While  we  carried  out  previous  experiments,  we  discovered  that  retinol  could 
induce  the  transcription  of  RAR(3  and  its  target  genes  in  F9  teratocarcinoma  cells  at  lower 
doses  than  RA  (data  not  shown).  Since  F9  cells  do  not  metabolize  retinol  to  RA,  these 
data  suggest  that  retinol  can  regulate  gene  expression  without  being  metabolized  to  RA. 
To  define  the  mechanism  by  which  retinol  stimulates  RAR|3  mRNA  expression  we 
wanted  to  determine  if  retinol  could  induce  COUP-TF  expression,  since  a  previous  study 
suggested  that  COUP-TFI  is  required  for  the  induction  of  RAR|3  transcription  in  human 
breast  cancer  cells  (Lin  et  al.,  2000).  Thus,  COUP-TFs  could  play  a  role  in  the  regulation 
of  RARp  expression  in  prostate  cancer.  Retinol  treatment  caused  a  dramatic  induction  of 
COUP-TFI  and  COUP-TFII  mRNA  at  6  h.  In  contrast,  RA  had  no  effect  on  COUP-TFI 
and  COUP-TFII  mRNA  expression  at  6  h  (Figure  2A).  Although  both  retinol  and  RA 
induced  COUP-TFI  and  II  mRNA  at  24  h,  the  effect  of  RA  was  much  smaller  than  that  of 
retinol  at  the  same  concentration  (data  not  shown).  However,  in  contrast  to  what  was 
observed  for  the  COUP-TF  genes,  the  effect  of  RA  on  the  induction  of  Hoxal  was  much 
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stronger  than  that  of  retinol  (Fig.  2A).  Retinol  induction  of  COUP-TF1  mRNA  was 
completely  blocked  by  treatment  with  actinomycin  D  (Figure  2B),  indicating  that 
transcription  is  required  for  retinol  to  induce  the  expression  of  the  COUP-TFI  gene  in  F9 
cells.  To  examine  if  RARs  are  involved  in  COUP-TFI  expression  in  F9  cells,  we  also 
compared  the  COUP-TFI  mRNA  expression  in  the  F9  wild-type  (Wt),  RARoU,  RARp/'', 
RARy'-  cells.  We  found  that  COUP-TFI  mRNA  level  was  comparable  in  F9  Wt,  RARa/_ 
and  RARp/  cells,  but  was  induced  more  strongly  by  RA  and  Retinol  in  RARy  '"  cells. 
This  suggests  that  RARy  represses  COUP-TFI  expression  in  F9  cells  (data  not  shown). 


A 


COUP-TFI 

COUP-TFII 


> sss//////// 

// 4*4* /V/V 


Coup-tfl 


Hoxa-1 

GAPDH 


Figure  2.  A.  Effects  of  RA  and  retinol  on  the  COUP-TF  mRNA  levels  in  F9  cells.  F9 

cells  were  treated  with  1  x  10  ",  1  x  10'9  or  1  x  10'7  M  RA  or  retinol  (Rol)  and  harvested 
at  6  hour.  RNA  was  isolated  and  RT-PCR  was  used  to  detect  the  expression  of  COUP- 
TFs  mRNA.  GAPDH  was  used  as  a  loading  control.  The  experiment  was  repeated  three 
times  and  one  experiment  is  shown.  B.  Effect  of  Actinomycin  D  (Act  D)  and 
Cycloheximide  (Cyclo.)  on  expression  of  COUP-TFI  mRNA.  F9  cells  were  cultured 
with  or  without  retinol  +/-  actinomycin  D  (2  pg/ml)  or  cycloheximide  for  6  hours.  RNA 
was  isolated  and  RT-PCR  was  used  to  detect  the  COUP-TFI  mRNA.  GAPDH  was  used 
as  a  sample  loading  control. 


Key  research  Accomplishments 

•  I  amplified  a  lkb  promoter  region  of  mouse  ELF3  gene  by  PCR.  We  cloned  this 
promoter  fragment  into  a  luciferase  construct  PGL3. 

•  I  carried  out  transient  transfection  experiments  to  delineate  how  RA  and  RARf) 
transcriptionally  regulate  ELF3  gene  expression. 

•  I  carried  out  RT-PCR  analysis  to  examine  effect  of  Retinol  vs.  RA  on  the  COUP- 
Tfs  gene  expression,  which  are  required  for  regulation  of  RAR(3  expression  in 
cells  and  could  be  involved  in  reduced-expression  of  RAR|3  expression  in  prostate 
cancers. 
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Conclusions 


I  conclude  that  a  1  -kb  ELF3  promoter  gave  a  response  to  RA  in  F9  Wt  cells. 
Additional  analyses  are  underway  to  identify  the  sequences  required  for  this 
transcriptional  response.  In  addition,  I  have  shown  that  retinol  treatment  caused  a 
dramatic  induction  of  COUP-TFI  and  COUP-TFII  mRNA  at  both  6  h  and  24  h.  In 
contrast,  RA  had  no  effect  on  COUP-TFI  and  COUP-TFII  mRNA  expression.  I  also 
show  by  actinomycin  D  experiments  that  transcription  is  required  for  retinol  to  induce  the 
expression  of  the  COUP-TFI  gene. 
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The  enzyme  speimidine/spermine  N1 -acetyl  transferase 
(SSAT)  regulates  the  catabolism  and  export  of  intracellu¬ 
lar  polyamines.  We  have  previously  shown  that  activation 
of  polyamine  catabolism  by  conditional  overexpression  of 
SSAT  has  antiproliferative  consequences  in  LNCaP  pros¬ 
tate  carcinoma  cells.  Growth  inhibition  was  causally 
linked  to  high  metabolic  flux  arising  from  a  compensatory 
increase  in  polyamine  biosynthesis.  Here  we  examined 
the  in  vivo  consequences  of  SSAT  overexpression  in  a 
mouse  model  genetically  predisposed  to  develop  prostate 
cancer.  TRAMP  (transgenic  adenocarcinoma  of  mouse 
prostate)  female  C57BL/6  mice  carrying  the  SV40  early 
genes  (T/t  antigens)  under  an  androgen-driven  probasin 
promoter  were  cross-bred  with  male  C57BL76  transgenic 
mice  that  systemically  overexpress  SSAT.  At  30  weeks  of 
age,  the  average  genitourinary  tract  weights  of  TRAMP 
mice  were  4  times  greater  than  those  of  TRAMP/SSAT 
bigenic  mice,  and  by  36  weeks,  they  were  ~-T2  times 
greater  indicating  sustained  suppression  of  tumor  out¬ 
growth.  Tumor  progression  was  also  affected  as  indicated 
by  a  reduction  in  the  prostate  histopathological  scores. 
By  immunohistochemistry,  SV40  large  T  antigen  expres¬ 
sion  in  the  prostate  epithelium  was  the  same  in  TRAMP 
and  TRAMP/SSAT  mice.  Consistent  with  the  18-fold  in¬ 
crease  in  SSAT  activity  in  the  TRAMP/SSAT  bigenic  mice, 
prostatic  AT1-acetylspermidine  and  putrescine  pools  were 
remarkably  increased  relative  to  TRAMP  mice,  while 
spermidine  and  spermine  pools  were  minimally  de¬ 
creased  due  to  a  compensatory  5-7-fold  increase  in  bio¬ 
synthetic  enzymes  activities.  The  latter  led  to  heightened 
metabolic  flux  through  the  polyamine  pathway  and  an 
associated  ~70%  reduction  in  the  SSAT  cofactor  acetyl- 
CoA  and  a  409#  reduction  in  the  poly  amine  aminopropyl 
donor  S-adenosylmethionine  in  TRAMP/SSAT  compared 
with  TRAMP  prostatic  tissue.  In  addition  to  elucidating 
the  antiproliferative  and  metabolic  consequences  of  SSAT 
overexpression  in  a  prostate  cancer  model,  these  findings 
provide  genetic  support  for  the  discovery  and  develop¬ 
ment  of  specific  small  molecule  inducers  of  SSAT  as  a 
novel  therapeutic  strategy  targeting  prostate  cancer. 
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Although  prostate  cancer  can  be  clinically  managed  in  its 
early  phases,  the  inability  to  control  the  more  aggressive  late 
stage  disease  has  prompted  the  search  for  novel  therapies.  We 
became  interested  in  the  possibility  that  strategies  targeting 
polyamine  homeostasis  may  be  effective  against  prostate  can¬ 
cer.  The  prostate  has  the  highest  level  of  polyamine  biosynthe¬ 
sis  of  any  tissue,  and  it  is  the  only  tissue  in  which  polyamines 
are  purposely  synthesized  for  export.  More  particularly,  mas¬ 
sive  amounts  of  polyamines  are  excreted  by  the  prostate  into 
semen.  Thus,  we  reasoned  that  polyamine  homeostasis  may  be 
altered  in  the  prostate  relative  to  other  tissues  and  that  tumors 
derived  from  this  gland  may  exhibit  atypical  regulatory  re¬ 
sponses  to  polyamine  analogues  and  inhibitors  (1).  An  addi¬ 
tional  rationale  for  targeting  polyamines  in  prostate  cancer 
derives  from  a  recent  meta-analysis  of  four  independent  mi- 
eroarray  data  sets  comparing  gene  expi-ession  profiles  of  benign 
and  malignant  patient  prostate  samples  showing  that  poly¬ 
amine  metabolism  was  the  most  systematically  affected  of  all 
biochemical  and  signaling  pathways  (2).  Genes  that  supported 
polyamine  biosynthesis  were  up-regulated,  while  those  that 
detracted  from  biosynthesis  were  down-regulated.  The  findings 
agree  with  earlier  clinical  studies  showing  a  significant  in¬ 
crease  in  ornithine  decarboxylase  (ODC)1  and  S-adenosyl- 
methionine  ( AdoMet)  decarboxylase  transcripts  in  human  pros¬ 
tatic  cancer  relative  to  benign  hyperplasia  (3). 

Polyamines  have  been  targeted  in  anticancer  strategies  for 
some  time  (4).  Various  antagonists  such  as  the  ODC  inhibitor 
a-difluoromethylorni  thine  (DFMO),  AdoMet  decarboxylase  in¬ 
hibitor  (SAM486),  and  the  polyamine  analogue  N1  JV11-diethyl- 
norspermine  have  undergone  clinical  testing  as  therapeutic 
and/or  preventive  agents  (5,  6).  Recognizing  the  unique  physi¬ 
ology  of  the  prostate  gland,  Heston  and  collaborators  (7,  8)  have 
proposed  that  polyamine  inhibitors  may  be  particularly  effec¬ 
tive  against  prostate  cancer.  In  support  of  this  concept,  Gupta 
et  al.  (9)  have  shown  that  DFMO  is  effective  in  depleting 
polyamine  pools  and  in  preventing  development  of  prostate 
cancer  in  the  transgenic  adenocarcinoma  of  mouse  prostate 
(TRAMP)  model  (10). 

Targeting  polyamines  has  traditionally  involved  interference 
with  or  down-regulation  of  polyamine  biosynthesis  with  small 
molecule  inhibitors  or  analogues,  respectively.  As  an  alterna- 


1  The  abbreviations  used  are:  ODC,  ornithine  decarboxylase;  AcSpd, 
AP-acetylspermidine;  DFMO,  «-difluoromethylornithine;  GU,  genito¬ 

urinary;  HPCE,  high  performance  capillary  electrophoresis;  MR,  mag¬ 
netic  resonance;  Put,  putrescine;  AdoMet,  S-adenosylmethionine:  Spd. 
spermidine;  Spm,  spermine;  SSAT,  spermidine/spermine  AP-acetyl- 
transferase;  Tag,  SV40  large  T  antigen;  TRAMP,  transgenic  adenocar¬ 
cinoma  of  mouse  prostate;  H&E,  hematoxylin  and  eosin;  PBS,  phos¬ 
phate-buffered  saline;  AcSpm,  acetylspermine. 
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tive  to  blocking  biosynthesis,  we  propose  that  activation  of 
polyamine  catabolism  by  inducing  the  rate-limiting  enzyme 
spermidine/spermine  A^-acetylspermine  transferase  (SSAT) 
may  offer  distinct  advantages.  The  approach  derives  from  our 
studies  of  the  polyamine  analogue  N1  fN' 1 - die t hyl nors perm ine 
that,  in  addition  to  down-regulating  ODC  and  AdoMet  decar¬ 
boxylase,  very  potently  up-regulates  SSAT  in  tumor  cells  and 
tissues  (11-14).  The  latter  was  shown  to  occur  to  a  greater 
degree  in  human  tumor  xenografts  than  in  normal  host  tissues 
(15).  Correlations  between  SSAT  induction  and  growth  inhibi¬ 
tion  have  been  repeatedly  suggested  by  early  work  in  a  variety 
of  tumor  types  (14, 16,  17).  Recently  that  relationship  was  more 
precisely  defined  by  the  finding  that  SSAT-targeted  small  in¬ 
terfering  RNA  minimizes  analogue-mediated  enzyme  induction 
and  at  the  same  time  prevents  polyamine  pool  depletion  and 
apoptosis  (18,  19). 

We  have  previously  reported  that  conditional  overexpression 
of  SSAT  in  MCF-7  breast  carcinoma  cells  leads  to  polyamine 
pool  depletion  and  growth  inhibition  (20).  As  a  prelude  to  the 
present  study,  we  showed  that  conditional  enzyme  overexpres¬ 
sion  in  LNCaP  prostate  carcinoma  cells  causes  growth  inhibi¬ 
tion  that  differed  from  that  seen  in  MCF-7  cells  in  that  it  was 
not  accompanied  by  polyamine  pool  depletion  (21).  Instead  cells 
averted  the  latter  by  increasing  polyamine  biosynthesis  at  the 
levels  of  ODC  and  AdoMet  decarboxylase  activities  causing 
heightened  metabolic  flux  through  the  biosynthetic  and  cata¬ 
bolic  pathways.  In  a  critical  experiment,  it  was  shown  that 
interruption  of  flux  by  blocking  ODC  activity  prevented  growth 
inhibition  (21).  Additional  studies  concluded  that  growth  inhi¬ 
bition  deriving  from  overexpression  of  SSAT  was  probably  at¬ 
tributable  to  overproduction  of  pathway  products  such  as 
acetylated  polyamines  or  to  depletion  of  polyamine  precursor 
metabolites  such  as  AdoMet  and/or  the  SSAT  cofactor  acetyi- 
CoA  (21).  Whatever  the  downstream  mechanism,  these  in  vitro 
data  suggest  that  activation  of  polyamine  catabolism  by  selec¬ 
tive  induction  of  SSAT  may  constitute  an  effective  antitumor 
strategy  against  prostate  cancer. 

The  goal  of  the  present  study  was  to  further  validate  the 
above  concept  by  providing  critical  in  vivo  evidence  based  on  a 
genetic  approach.  For  this  purpose,  we  utilized  the  TRAMP 
model  that  is  genetically  engineered  to  develop  prostate  cancer 
(10,  22,  23).  Cross-breeding  these  mice  with  SSAT  transgenic 
mice  that  systemically  overexpress  the  enzyme  (24)  resulted  in 
a  profound  suppression  of  prostate  tumor  outgrowth  that  may 
be  related  to  consequences  emanating  from  depletion  of  acetyl  - 
CoA  pools. 


EXPERIMENTAL  PROCEDURES 

Materials— -The  polyamines  putrescine  (Put),  spermidine  6Spd), 
spermine  (Spm),  and  acetylated  polyamine  NLacetylspermidine  (Ac- 
Spd)  were  purchased  from  Sigma.  Acetyl-CoA  was  also  purchased  from 
Sigma  and  solubilized  as  described  by  Liu  et  al.  (25). 

Breeding  and  Screening  of  Transgenic  Animals— TRAMP  mice  (10), 
heterozygous  for  the  transgene  rat  probasin-SV40  large  T  antigen  (PB- 
Tag)  (lineage  of  founder  8247;  Jackson  Laboratory,  Bar  Harbor,  ME) 
were  maintained  in  a  pure  C57BL/6  background.  Mouse  tail  DNA  was 
isolated  using  the  DNeasy®  tissue  kit  (Qiagen  Inc.,  Valencia,  CA). 
Genotyping  of  TRAMP  animals  was  performed  by  PCR  according  to  the 
Jackson  Laboratory  protocol. 

We  previously  generated  mice  that  systemically  overexpressed  SSAT 
under  its  endogenous  murine  gene  promoter  (24).  These  SSAT  trans¬ 
genic  mice,  in  the  CD2F1  genetic  background  (24),  were  backcrossed  for 
>8  generations  into  C57BL/6,  the  same  genetic  background  as  the 
TRAMP  mouse.  The  SSAT  transgenic  mice  are  characterized  by  pro¬ 
nounced  hair  loss  by  3-4  weeks  of  age  (24),  making  genotyping  unnec¬ 
essary.  Since  female  SSAT  transgenic  mice  are  infertile  and  male  mice 
have  normal  reproductive  capabilities,  the  latter  were  cross-bred  with 
female  TRAMP  mice  to  generate  the  bigen ic  mice  used  in  this  study. 

Magnetic  Resonance  (MR)  Imaging — Longitudinal  analysis  of  pros¬ 
tate  cancer  progression  in  TRAMP  mice  using  MR  imaging  has  been 
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Fig.  1.  SSAT  expression  in  the  prostates  and  livers  from  SSAT 
transgenic  mice.  Total  RNA  was  isolated  from  the  prostates  and 
livers  of  littermates  obtained  from  the  TRAMP  X  SSAT  cross  and 
subjected  to  Northern  blot  analysis  and  enzyme  activity  assay  (33,  39). 
Note  the  presence  of  a  3-kb  heteronuclear  SSAT  RNA  and  a  1.7-kb 
mature  SSAT  mRNA.  For  quantitation,  the  1.7-kb  SSAT  mRNA  bands 
were  scanned  densitometrically  and  normalized  to  the  glyceraldchyde- 
3-phosphate  dehydrogenase  (GAPDH)  signal.  Both  SSAT  mRNA  and 
activity  were  expressed  as  -fold  increase  (Fold  \  )  of  wild-type  tissue. 
SSAT  mRNA  was  highly  expressed  in  both  prostate  and  liver  of  the 
SSAT  (S)  and  the  bigenic  TRAMP/SSAT  (TxS)  mice  but  poorly  ex¬ 
pressed  in  the  wild-type  ( WT)  and  TRAMP  ( T)  animals.  Northern  blots 
are  representative  of  those  obtained  during  two  experiments  using  30 
jjjg  of  total  RNA/lane. 


reported  by  Hsu  et  al.  (26).  More  specifically,  it  was  used  to  assess 
tumor  volume  and  to  track  tumor  development  in  TRAMP  and  TRAMP/ 
SSAT  mice.  High  resolution  MR  imaging  scans  were  performed  using  a 
General  Electric  CSI  4.7T/33-cm  horizontal  bore  magnet  (GE  NMR 
Instruments,  Fremont,  CA)  with  upgraded  radio  frequency  and  com¬ 
puter  systems.  MR  imaging  data  were  acquired  using  a  custom  de¬ 
signed  35-mm  radio  frequency  transceiver  coil  and  a  G060  removable 
gradient  coil  insert  generating  a  maximum  field  strength  of  950  mil- 
liteslas/m.  Transaxial,  Tl-weighted  images  were  acquired  through  the 
lower  abdomen  with  a  standard  spin  echo  MR  imaging  sequence.  Im¬ 
ages  were  comprised  of  20  X  1-mm  thick  slices  with  a  3.2x  3.2-cm  field 
of  view  acquired  with  a  192  X  192  matrix  to  provide  contiguous  image 
data  of  the  prostate  tumor.  Acquisition  parameters  consisted  of  an  echo 
time/repetition  time  =  10/724  ms  and  4  number  of  excitations. 

Pathology — Mouse  genitourinary  (GU)  tracts  consisting  of  bladder, 
urethra,  seminal  vesicles,  ampullary  gland,  and  the  prostate  were  ex¬ 
cised  and  weighed.  The  correlation  of  GU  weight  as  a  function  of  cancer 
progression  in  the  TRAMP  mouse  is  well  documented  by  Kaplan-Lefko 
et  al.  (27).  Once  GU  tracts  were  grossly  examined  and  documented  by 
fixed  angle  photography,  the  dorsal,  lateral,  ventral,  and  anterior  lobes 
of  the  prostate  as  well  as  the  seminal  vesicles  were  microdissected  and 
placed  into  multichamber  cassettes  for  fixation  in  4 %  paraformalde¬ 
hyde  for  4  h  at  4  °C  after  which  they  were  paraffin-embedded,  sectioned 
at  5  /x m,  and  stained  with  hematoxylin  and  eosin  (H&E).  H&E  slides 
were  reviewed  by  two  experienced  morphologists  without  knowledge  of 
the  genotype  or  age  of  the  mice.  Each  prostatic  lobe  (dorsal,  lateral, 
ventral,  and  anterior)  was  scored  according  to  the  grading  system 
established  by  Gingrich  et  al.  (28).  The  histological  scores  were  then 
averaged  and  expressed  as  mean  ±  S.E. 

hnmunohistochemistiy — Slides  containing  5-/xm  sections  were 
quenched  with  aqueous  3%  hydrogen  peroxide  for  30  min  and  rinsed 
with  PBS/T  (500  /u,l/liter  Tween  20)  to  remove  endogenous  peroxidases. 
Antigen  retrieval  involved  continuous  microwaving  of  the  slides  in  10 
mw  citrate  buffer  (pH  6.0)  for  20  min.  Cooled  slides  were  washed  for  5 
min  in  PBS/T  at  room  temperature  and  blocked  with  0.03%  casein  in 
PBS/T  for  30  min  prior  to  the  addition  of  primary  antibodies.  For 
anti-SV40  large  T  antigen  staining,  monoclonal  anti-SV40  large  T  an¬ 
tigen  antibody  (catalog  number  554149,  BD  Pharmingen)  was  used  at  a 
L400  dilution  in  a  humidity  chamber.  Following  overnight  incubation 
at  4  °C,  slides  were  washed  with  PBS/T  and  incubated  for  30  min  with 
secondary  biotinylated  anti-rabbit  and  anti-mouse  immunoglobulins 
from  the  LSAB+  kit  (DAKO,  Carpinteria,  CA)  diluted  according  to  the 
manufacturer’s  protocol.  The  slides  were  then  washed  with  PBS/T  and 
complexed  with  streptavidin  (LSAB+  kit,  DAKO,  prediluted)  for  30 
min.  Immunoreactive  anti-SV40  large  T  antigen  was  detected  by  the 
application  of  the  substrate  3,3'-diaminobenzidine  tetrahydrochloridc 
(DAKO)  for  5  min.  All  sections  were  counterstained  with  hematoxylin. 

Analytical  Methods — Tissues  were  snap-frozen  in  liquid  nitrogen, 
crushed  into  a  fine  powder  in  a  mortar  or  a  Bio-Pulverizer  (BioSpec 
Products,  Inc.,  Bartlesville,  OK),  and  then  sonicated  on  ice  in  Tris/ 
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Fig.  2.  Comparison  of  GU  tracts.  A,  GU  tracts  of  the  four  genetic  cohorts  deriving  from  the  TRAMP  X  SSAT  cross  at  30  weeks.  Note  that  the 
GU  tracts  of  SSAT  mice  were  smaller  than  those  of  wild-type  mice  and  that  the  GU  tracts  of  TRAMP/SSAT  mice  were  much  smaller  and  less 
variable  in  size  and  shape  than  those  of  TRAMP  mice.  B ,  GU  tract  weights  at  30  weeks  of  four  genetic  cohorts  deriving  from  the  TRAMP  •  SSAT 
cross.  The  GU  tracts  of  TRAMP/SSAT  animals  weighed  less  than  TRAMP  mice  (*,  p  <  0.0001),  and  GU  tracts  of  SSAT  mice  were  also  different 
from  wild  type  (*,  p  0.0001)  as  determined  by  Student's  unpaired  t  test.  C,  comparison  of  GU  tracts  for  TRAMP  and  TRAMP/SSAT  mice  at  36 
weeks  of  age.  During  the  period  of  30-36  weeks,  the  average  TRAMP  GU  tract  increased  by  200%,  while  the  average  TRAMP/SSAT  GU  tract 
remained  statistically  the  same  (see  Table  I  for  detailed  analysis). 


EDTA  buffer  for  polyamine  enzyme  activities  and  pool  analysis.  SSAT 
activity  was  assayed  as  described  previously  (29)  and  expressed  as  pmol 
of  ArI-[11C]acetylspermidine  generated/min/mg  of  protein.  Decarboxyl¬ 
ase  activities  were  determined  by  a  C02  trap  assay  and  expressed  as 
pmol  of  C02  released/h/mg  of  protein  (30).  Polyamines  and  the  acety- 
lated  derivatives  of  Spd  and  Spm  were  measured  by  high  pressure 
liquid  chroma tography  following  methods  reported  by  Kramer  et  al. 
(30).  For  Northern  blot  analysis,  frozen  tissues  were  crushed  into  a  fine 
powder  using  a  mortar  and  pestle  after  which  total  RNA  was  extracted 
with  guanidine  isothiocyanate  (31)  and  purified  by  CsCl  gradient  cen¬ 
trifugation  (32).  RNA  was  loaded  onto  a  gel  at  30  gg/ lane  and  subjected 
to  Northern  blot  analysis  following  procedures  described  by  Fogel- 
Petrovic  et  al.  (33). 

Acetyl-CoA  Determinations — High  performance  capillary  electro¬ 
phoresis  (HPCE)  separation  and  quantitation  of  acetyl-CoA  in  tissue 
samples  as  recently  described  (21)  was  carried  out  following  the  method 
of  Liu  et  al.  (25).  Tissues  extracts  were  then  analyzed  on  a  Beckman 
P/ACE  MDQ  capillary  electrophoresis  system  (Fullerton,  CA)  equipped 
with  a  photodiode  array  detector  and  an  uncoated  fused  silica  capillary 
electrophoresis  column  of  75-gm  inner  diameter  and  60  cm  in  length 
with  50  cm  from  inlet  to  the  detection  window  (Polymicro  Technologies, 
Phoenix,  A Z).  Electrophoretic  conditions  were  according  to  Liu  et  al. 


(25)  with  minor  modifications  as  described  previously  (21).  Data  were 
collected  and  processed  by  Beckman  P/ACE  32  Karat  software  version 
4.0.  Aeetyl-CoA  levels  were  expressed  as  nrnol/g  of  tissue. 

Statistics — Statistical  significance  (p  value)  was  determined  by  Stu¬ 
dent’s  t  test  or  analysis  of  variance  with  Fisher’s  protected  least  signif¬ 
icant  difference  test  at  a  95%  confidence  level  using  a  StatView  com¬ 
puter  program  (SAS  Institute  Inc.,  Carv,  NO. 

RESULTS  AND  DISCUSSION 

The  goal  of  this  study  was  to  provide  in  vivo  genetic  valida¬ 
tion  for  the  concept  that  activating  polvamine  catabolism  at  the 
level  of  SSAT  will  give  rise  to  an  antitumor  response  due  to 
homeostatic  perturbations  in  polyamine  metabolism.  The  effort 
was  catalyzed  by  our  recent  reports  showing  that  conditional 
overexpression  of  SSAT  inhibits  in  vitro  growth  of  both  MCF-7 
breast  carcinoma  cells  (20)  and  LNCaP  prostate  carcinoma 
cells  (21).  Consistent  with  these  findings,  we  now  demonstrate 
that  overexpression  of  SSAT  markedly  suppresses  tumor  out¬ 
growth  of  early  and  advanced  prostatic  cancer  in  TRAMP  mice. 
As  will  be  discussed,  this  may  be  due  to  unusual  sensitivity  of 
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prostate-derived  tumors  to  polyamine  perturbations  and/or  to 
novel  metabolic  disturbances  emanating  from  compensatory 
responses  to  activated  polyamine  catabolism. 

SSAT-overexpressing  transgenic  male  mice  were  cross-bred 
with  female  TRAMP  mice  to  yield  four  cohorts  of  offspring:  wild 
type,  SSAT  transgenic  mice,  and  TRAMP  and  TRAMP/SSAT 
bigenies  15  weeks  of  age.  Prostate  and  liver  tissues  were  ex¬ 
cised  from  wild-type,  SSAT,  TRAMP,  and  TRAMP/SSAT  mice 
to  confirm  SSAT  mRNA  expression  and  enzyme  activity.  As 
shown  in  Fig.  1,  prostate  gland  SSAT  mRNA  levels  were  ele¬ 
vated  32-  and  35-fold  in  both  SSAT  and  TRAMP/SSAT  cohorts, 
respectively,  relative  to  wild-type  mice.  Consistent  with  SSAT 
gene  overexpression  prostatic  enzyme  activity  in  both 
SSAT  and  TRAMP/SSAT  mice  was  elevated  by  ~  18-fold.  SSAT 
mRNA  in  liver  of  SSAT  and  TRAMP/SSAT  mice  was  increased 
20-  and  30-fold  over  wild-type  mice,  but  unlike  the  prostate, 
enzyme  activities  were  only  increased  3-  and  2-fold,  presum¬ 
ably  due  to  tissue-specific  differences  in  translational  control 
(24).  The  data  confirm  that  overexpression  of  SSAT  occurs  in 
the  prostate  of  transgene-bearing  mice. 

Longitudinal  assessment  of  the  prostate  by  MR  imaging  was 
used  to  monitor  tumor  appearance  and  development  in  repre¬ 
sentative  TRAMP  animals.  GU  tumors  were  first  apparent  at 
~20  weeks  of  age  in  TRAMP  animals.  By  30  weeks,  all  TRAMP 
mice  had  visible  prostate  tumors  that,  with  time,  infiltrated  the 
seminal  vesicles  as  is  typical  in  the  pure  C57BL/6  genetic 
background  (10,  22, 27,  34).  As  observed  using  MR  imaging  and 
confirmed  at  necropsy,  some  TRAMP  mice  exhibited  predomi¬ 
nantly  prostatic  tumors,  while  the  majority  showed  significant 
prostate  tumors  with  seminal  vesicle  involvement.  Both  pathol¬ 
ogies  were  reduced  in  the  TRAMP/SSAT  mice.  On  the  basis  of 
tumor  size  in  TRAMP  mice,  the  experimental  end  point  was  set 
at  week  30. 

The  suppressive  effect  of  SSAT  overexpression  on  tumor 
outgrowth  is  apparent  in  comparisons  of  dissected  GU  tracts 
shown  in  Fig.  2A.  Gross  examination  of  both  wild-type  and 
SSAT  animals  revealed  GU  tracts  that  were  generally  uniform 
in  size  and  shape.  As  graphed  in  Fig.  2 B,  GU  tracts  of  the  SSAT 
mice  were  significantly  smaller  (178  ±  30  mg)  than  those  of  the 
wild-type  mice  (504  r  11  mg)  despite  close  similarities  in  body 
weight  (-“29.7  ±  0.6  versus  28.5  ±  0.5  g,  respectively).  All  of  the 
TRAMP  mice  displayed  visible  evidence  of  prostatic  tumors 
with  variable  involvement  of  the  seminal  vesicles.  On  the  basis 
of  weight,  TRAMP  GU  tracts  (1,435  ±  181  mg)  were,  on  aver¬ 
age,  4  times  larger  than  those  of  TRAMP/SSAT  mice  (356  ±  62 
mg).  Taken  together,  the  data  indicate  that  SSAT  overexpres¬ 
sion  effectively  suppresses  tumor  outgrowth  in  the  TRAMP 
model.  Since  by  itself,  the  30-week  data  may  reflect  a  delay  in 
tumor  development  as  opposed  to  a  sustained  antitumor  effect, 
we  examined  tumor  size  at  a  later  time  point.  For  this,  36 
weeks  was  the  longest  time  possible  without  encountering  tu¬ 
mor  excess.  Relative  to  the  30-week  data,  the  average  GU  tract 
weight  in  the  TRAMP  mice  became  200%  larger,  while  that  in 
the  TRAMP/SSAT  mice  at  36  weeks  remained  statistically 
unchanged.  Thus,  suppression  of  tumor  outgrowth  became 
even  more  exaggerated  during  the  30— 36-week  period.  Al¬ 
though  these  findings  suggest  that  the  survival  time  of  the 
TRAMP/SSAT  mice  would  be  significantly  extended  beyond 
that  of  the  TRAMP  mice,  such  studies  were  precluded  by  the 
strong  tendency  of  the  older  bigenies  to  develop  skin 
pathologies. 

Histopathological  analysis  from  littermates  of  the  TRAMP 
and  SSAT  transgenic  crosses  at  30  weeks  demonstrated  that 
the  prostate  tumors  of  TRAMP  mice  were  heterogeneous,  rang¬ 
ing  from  high  grade  prostatic  intraepithelial  neoplasia  (grade 
3)  to  poorly  differentiated  adenocarcinoma  (grade  6),  while 


Fig.  3.  Sections  of  microdissected  dorsal  prostate.  A.  represent¬ 
ative  H&E  histological  sections  of  the  epithelium  of  the  dorsal  lobe  of 
the  mouse  prostate.  The  four  lobes  of  the  prostate  were  graded  and 
reported  in  Table  I.  TRAMP/SSAT  prostates  consistently  displayed 
lower  tumor  grades  than  TRAMP  prostates,  which  exhibited  high  grade 
prostatic  intraepithelial  neoplasia  and  well  differentiated  prostate  car¬ 
cinoma.  The  SSAT  prostates  showed  normal  epithelium.  B,  immu.no- 
histochemical  detection  of  SV40  large  T  antigen.  Expression  of  SV40 
large  T  antigen  was  detected  by  immunohistochemistry  in  the  epithe¬ 
lium  of  the  dorsal  lobe  of  30-week-old  TRAMP  and  TRAMP/SSAT  mice 
but  not  in  wild-type  and  SSAT  mice.  Large  T  antigen  was  also  ex¬ 
pressed  in  the  glandular  epithelial  cells  lateral,  ventral,  and  anterior 
lobes  (data  not  shown).  Prostate  tissues  were  analyzed  from  three  mice 
per  group.  (H&E  staining;  microscopic  magnification,  200X.) 

tumors  from  TRAMP/SSAT  mice  were  more  homogeneous  with 
a  moderate  range  of  prostatic  intraepithelial  neoplasia  lesions 
(grades  2  and  3)  and  only  rare  evidence  of  well  differentiated 
adenocarcinoma  (grade  4)  (Fig.  3A).  Consistent  with  previous 
reports  (28),  disease  in  the  TRAMP  mouse  was  apparent  in  the 
dorsal,  lateral,  and  ventral  lobes  with  substantial  seminal  ves¬ 
icle  involvement,  and  it  tended  to  be  heterogeneous  among 
mice.  When  all  prostate  lobes  were  averaged  (Table  I),  the 
mean  TRAMP/SSAT  mouse  grade  (4.2)  was  significantly  lower 
than  that  of  the  TRAMP  mice  (5.0)  suggesting  interference 
with  disease  progression.  A  similar  trend  was  also  seen  at  36 
weeks.  Thus,  while  the  major  effect  of  SSAT  overexpression  is 
most  obviously  manifested  as  suppression  of  tumor  outgrowth, 
there  is  also  a  delay  in  tumor  progression.  Because  prostatic 
disease  in  the  C57BL/6  background  infiltrated  the  seminal 
vesicles,  we  derived  an  index  to  quantify  overall  GLT  disease. 
Thus,  the  average  histological  grades  of  the  four  lobes  were 
averaged  and  then  multiplied  by  the  mean  GU  tract  weight  to 
derive  a  GU  disease  index  for  each  cohort  of  animals  (Table  I). 
Based  on  this  determination,  the  disease  index  at  30  weeks  in 
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Table  I 

Genitourinary  disease  index  of  TRAMP/SSAT  mice  at  30  weeks 


Average  prostate  grade0 

Mouse  genotype  Age  No.  of  animals  - - - ; — "  Average  GU  weight  GU  disease  index'  p  value1* 

Overall  Highest  Total* 


U)k 

8 

TRAMP 

30 

15 

2.1 

±  0.1 

2.9  ±  0.1 

5.0  ± 

0.2 

1.44  ±  0.18 

7.44  ±  1.12 

<0.0001 

TRAMP/SSAT 

30 

10 

2.0 

±  0.2 

2.2  ±  0.2 

4.2  ± 

1.0 

0.36  ±  0.06 

1.51  ±  0.27 

TRAMP 

36 

8 

2.8 

±  0.4 

3.5  ±  0.4 

6.3  ± 

0.7 

2.92  ±  0.81 

22.57  +  9.75 

0.06 

TRAMP/SSAT 

36 

6 

2.5 

±0.5 

3.2  ±  0.5 

5.6  ± 

1.0 

0.24  ±0.12 

2.08  ±  1.33 

a  See  Fig.  3 A  for  representative  histology  of  the  prostate  epithelium. 
h  The  average  prostate  total  grade  for  wild-type  or  SSAT  mice  was  2.0. 

c  GU  disease  index  -  (average  overall  grade  +  average  highest  grade)  X  average  GU  weight  as  determined  per  animal. 
d  Statistical  significance  (p  value)  was  determined  by  analysis  of  variance  with  Fisher’s  protected  least  significant  difference  test. 


Table  II 

Tissue  polyamine  metabolism  in  TRAMP  x  SSAT  Uttermates 
Data  represent  mean  values  ±  S.E.  where  n  =  3. 


Polyamine  enzyme  activities 


Polyamine  pools 


mouse  genotype 

nssue 

SSAT 

ODC 

AdoMet  DC 

AcSpda 

Put 

Spd 

Spm 

pmol/min/mg  protein 

pmollhJmg  protein 

pmoUmg  protein 

Wild  type 

Prostate 

5  ±  1 

<20 

60  ±  33 

<40 

140  ±  12 

3,710  ±  402 

7,990  ±  739 

SSAT 

Prostate 

90  ±  20 

190  ±  23 

560  ±  81 

2,440  ±  613 

3,730  ±  805 

7,350  ±  423 

7,030  ±  458 

TRAMP 

Prostate 

5  ±  1 

<20 

50  ±  19 

<40 

214  ±  34 

4,830  ±  443 

7,960  ±  881 

TRAMP/SSAT 

Prostate 

90  ±  28 

100  ±  21 

370  ±  88 

1,390  ±  187 

3,520  ±  529 

4,780  ±  858 

5,280  ±  662 

Wild  type 

Liver 

15  ±  4 

<20 

120  ±  45 

<40 

40 

7,900  ±  368 

8,510  ±  225 

SSAT 

Liver 

50  ±  12 

180  ±  32 

940  ±  134 

790  ±  210 

4,260  ±  805 

13,990  ±  794 

5,060  ±  146 

TRAMP 

Liver 

15  ±  2 

<20 

110  ±  75 

<40 

<40 

9,510  ±  1389 

10,840  ±  1,507 

TRAMP/SSAT 

Liver 

30  ±  4 

210  ±  15 

550  ±  45 

710  ±  241 

4,520  ±  1,235 

15,010  ±  2,376 

5,770  ±  935 

1  AcSpm  not  detected  in  any  samples. 


the  TRAMP/SSAT  mice  (1.51  ±  0.27)  was  found  to  be  —5-fold 
lower  than  that  of  the  TRAMP  mice  (7.44  ±  1.12). 

The  suppression  of  tumor  outgrowth  seen  here  is  consistent 
with  a  previous  report  showing  that  SSAT  transgenic  animals 
are  more  resistant  to  the  development  of  skin  papillomas  under 
the  two-stage  skin  carcinogenesis  protocol  (35).  However,  both 
studies  differ  from  a  report  indicating  that  transgenic  overex¬ 
pression  of  SSAT  in  the  mouse  skin  causes  an  increase  in 
chemically  induced  tumor  incidence  (36).  This  is  unexpected 
since  our  observations  over  the  last  7  years  find  that  sponta¬ 
neous  tumor  formation  was  not  increased  in  SSAT  transgenic 
mice.“  While  the  basis  for  this  discrepancy  is  not  immediately 
apparent,  it  is  reasonable  to  consider  that  it  may  be  due  to 
promoter-dictated  gene  expression  and/or  to  tissue-specific  re¬ 
sponses.  For  example,  various  tissues  of  the  SSAT  transgenic 
mouse  adapt  differently  at  the  level  of  polyamine  pool  profiles 
(24)  with  some  tissues,  such  as  small  intestine,  displaying  a 
greater  effect  on  Spd  than  Spm  pools  and  others,  such  as  liver, 
showing  a  greater  effect  on  Spm  than  Spd  pools.  Similarly 
different  responses  may  be  expected  at  the  level  of  compensa¬ 
tory  ODC  induction,  which  as  discussed  below  seems  integral 
to  the  antitumor  effect. 

While  several  studies  have  undertaken  genetic  crosses  with 
TRAMP  mice,  only  one  reports  a  negative  effect  on  tumor 
outgrowth  but  not  as  great  as  that  seen  here.  Abdul kadir  et  al. 
(37)  showed  that  prostate  tumorigenesis  was  impaired  when 
Egrl -deficient  mice  were  crossed  with  TRAMP  mice.  More  par¬ 
ticularly,  the  appearance  of  grossly  evident  tumors  was  delayed 
from  20  weeks  in  the  TRAMP  mouse  to  35  weeks  in  the 
TRAMP  X  Egrl-/~  mice.  Of  the  reports  in  which  TRAMP  mice 
have  been  treated  with  various  therapeutic  and  prevention 
agents,  the  most  relevant  involves  chemoprevention  of  prostate 
carcinogenesis  with  the  ODC  inhibitor  DFMO.  Gupta  et  al.  (9) 
found  that  DFMO  in  the  drinking  water  of  TRAMP  mice  from 
8  to  28  weeks  of  age  reduced  the  weight  of  the  prostate  and  GU 
tracts  by  —60%  at  28  weeks  while  at  the  same  time  eliminating 


2  K.  Kee,  D.  L.  Kramer,  and  C.  W.  Porter,  unpublished  observations. 


distant  metastases.  This  is  less  than  the  75%'  difference  in  GU 
weights  seen  here  at  30  weeks.  It  is  interesting  to  consider, 
however,  that  the  Gupta  study  achieved  the  antitumor  effect  by 
pharmacologically  decreasing  polyamine  biosynthesis,  while 
the  present  study  appears  to  have  achieved  a  comparable  effect 
by  increasing  polyamine  biosynthesis  secondary  to  SSAT  over¬ 
expression  as  will  be  discussed  below. 

Before  investigating  the  mechanistic  basis  for  the  tumor 
suppressive  effect,  we  first  determined  that  the  SSAT  overex¬ 
pression  did  not  interfere  with  expression  of  the  driving  onco¬ 
gene  in  the  TRAMP  model  Tag.  Reduced  expression  of  this 
transgene  could  originate  systemically  at  the  level  of  reduced 
androgen  production,  for  example,  or  locally  at  the  level  of 
oncogene  regulation.  Both  possibilities  were  eliminated  by  im- 
munostaining  for  Tag  protein  levels  in  histological  sections  of 
30-week  TRAMP  and  TRAMP/SSAT  prostates  and  tumors  (Fig. 
3 B).  Comparable  levels  of  Tag  were  detected  in  the  prostate 
epithelium  of  TRAMP  and  TRAMP/SSAT  mice.  Only  minimal 
background  staining  was  seen  in  the  wild-type  or  SSAT  trans¬ 
genic  mouse  prostates  or  in  appropriate  controls  lacking  pri¬ 
mary  antibody.  The  findings  confirm  that  Tag  expression  was 
not  diminished  in  the  TRAMP/SSAT  mice  and  therefore  was 
not  responsible  for  the  observed  antitumor  effects  of  SSAT. 

To  determine  how  polyamine-related  events  contribute  to 
suppression  of  tumor  outgrowth,  we  measured  the  activities  of 
SSAT  and  the  biosynthetic  enzymes  ODC  and  AdoMet  decar¬ 
boxylase  as  well  as  tissue  polyamine  and  acetylated  polyamine 
pools  in  both  tumors  and  liver  at  30  weeks.  As  shown  in  Table 
II,  SSAT  activity  in  the  prostate  tissue  was  elevated  —20-fold 
in  both  the  SSAT  and  TRAMP/SSAT  mice  compared  with  wild- 
type  and  TRAMP  mice.  The  more  modest  2-3-fold  enhance¬ 
ment  of  SSAT  activity  in  the  liver  despite  a  20-fold  increase 
SSAT  mRNA  (38,  39)  would  seem  to  reflect  tissue-specific 
translational  control  of  this  gene  (38,  39).  Increases  in  SSAT 
activity  were  accompanied  by  a  profound  (i.e.  >  10-fold)  rise  in 
biosynthesis  at  the  level  of  ODC  and  AdoMet  decarboxylase 
activities  in  both  the  prostate  and  the  liver.  As  previously 
described  in  LNCaP  cells  (21),  this  represents  a  compensatory 


Activated  Polyamine  Catabolism  Suppresses  Tumor  Growth 


40081 


A 


SAM  4 


Ornithine 


js4MDC t  |oDC  f 


dcSAM 


tPut 


J— l 


PAO  sl 

AcSpdf 


dcSAM 

V - ►- 


Spd  ^  =  v —  Acetyl-CoA 

I  f  SSAT  ' 


Spm 


AcSpm  f 

1 


t  SSAT 


Acetyl -Co  A 


B 


Prostate 


Liver 


Wild-type  SSAT  TRAMP  TRAMP/SSAT  Wild-type  SSAT  TRAMP  TRAMP/SSAT 


Wild-type  SSAT  TRAMP  TRAMP/SSAT  Wild-type  SSAT  TRAMP  TRAMP/SSAT 


Fig.  4.  Downstream  effects  of  SSAT  overexpression.  A,  metabolic  consequences  to  SSAT  overexpression.  Activation  of  polyamine  catabolism 
at  the  level  of  SSAT  results  in  a  compensatory  increase  in  the  activities  of  the  polyamine  biosynthetic  enzymes  ODC  and  AdoMet  decarboxylase 
(SAAfDC).  This  activated  polyamine  synthesis  minimizes  polyamine  pool  depletion  despite  massive  production  of  AcSpd.  At  the  same  time,  it  gives 
rise  to  heightened  metabolic  flux  through  the  biosynthetic  and  catabolic  pathways  (not  shown).  The  possible  downstream  consequences  connecting 
heightened  metabolic  flux  to  growth  inhibition  include  overproduction  of  pathway  products  such  as  Put  and  AcSpd  and/or  depletion  of  critical 
metabolic  precursors  such  as  the  aminopropyl  donor  AdoMet  ( SAM)  and  the  SSAT  cofactor  acetyl-CoA,  both  of  which  are  markedly  decreased  in 
SSAT  transgenic  and  TRAMP/SSAT  bigenic  animals.  B,  AdoMet  (SAM)  levels  in  prostate  and  liver  tissues  of  TRAMP/SSAT  littermates  as 
determined  on  tissue  extracts  by  high  performance  liquid  chromatography.  Note  that  AdoMet  pools  were  much  lower  (>40%)  in  the  prostate  and 
liver  of  SSAT  and  TRAMP/SSAT  mice.  C,  acetyl-CoA  levels  in  prostate  and  liver  tissues  of  TRAMP  x  SSAT  littermates  as  detected  by  HPCE.  Note 
that  during  SSAT  overexpression,  there  was  significant  reduction  (-70%)  of  acetyl-CoA  in  the  prostates  of  SSAT  and  TRAMP/SSAT  mice  but  not 
in  the  livers.  Data  represents  means  ±  S.E.  where  n  -  3  animals  per  group.  Statistical  significance  ( p  value)  was  determined  by  analysis  of 
variance  with  Fisher’s  protected  least  significant  difference  test  for  pairwise  comparisons.  PAO,  polyamine  oxidase;  dcSAM ,  decarboxylated 
AdoMet. 


homeostatic  response  to  activated  polyamine  catabolism.  These 
changes  in  enzyme  activities  produced  significant  disturbances 
in  tissue  polyamine  profiles  particularly  involving  the  acetyl- 
ated  polyamines.  Although  AcSpm  remained  undetectable, 
AcSpd  increased  from  undetectable  levels  in  the  prostate  and 
liver  of  wild-type  and  TRAMP  mice  to  extraordinarily  high 
levels  in  SSAT  and  TRAMP/SSAT  mouse  tissues.  Another  ma¬ 
jor  finding  was  the  accumulation  of  huge  amounts  of  Put  in 


both  prostate  and  liver  of  SSAT-bearing  mice,  presumably  due 
to  the  back  conversion  of  Spd  due  to  SSAT  overexpression  and 
to  the  forward  conversion  of  ornithine  due  to  high  levels  of 
ODC  activity. 

Despite  the  generation  of  large  amounts  of  AcSpd,  Spd  pools 
remained  relatively  unaffected  in  the  TRAMP/SSAT  prostate 
tumors  relative  to  TRAMP  mice,  while  Spm  decreased  by 
—33%,  presumably  due  to  back  catabolism.  This  modest  reduc- 
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tion  in  prostatic  Spm  pools  hardly  seems  sufficient  to  account 
for  the  observed  tumor  growth  suppression.  As  in  LNCaP  cells 
(21),  the  data  suggest  that  the  compensatory  increase  in  poly- 
amine  biosynthesis  and  related  metabolic  flux  may  be  playing 
a  critical  role  in  growth  inhibition.  More  particularly,  SSAT 
overexpression  leads  to  massive  acetylation  and  potential  loss 
of  cellular  polyamines.  To  maintain  a  normal  polyamine  pro¬ 
file,  the  system  responds  by  up-regulating  ODC  and  AdoMet 
decarboxylase  activities  leading  to  a  heightened  metabolic  flux 
through  both  arms  of  the  pathway.  Thus,  ornithine  is  more 
rapidly  converted  to  Spd  and  Spm,  which  in  turn  are  more 
rapidly  acted  upon  by  SSAT  to  yield  acetylated  products.  These 
findings  are  nearly  identical  to  those  elucidated  in  SSAT-over- 
expressing  LNCaP  prostate  carcinoma  cells  (21)  where  activa¬ 
tion  of  polyamine  catabolism  was  also  accompanied  by  in¬ 
creased  polyamine  biosynthesis.  As  a  result,  the  Spd  and  Spm 
pools  were  unaffected  despite  massive  production  of  acetylated 
polyamines.  In  a  defining  experiment,  the  relationship  between 
this  compensatory  increase  in  ODC  and  growth  inhibition  in 
LNCaP  cells  was  confirmed  by  the  finding  that  growth  inhibi¬ 
tion  is  prevented  by  treatment  with  the  ODC  inhibitor  DFMO. 
The  compensatory  increase  in  ODC  and  AdoMet  decarboxylase 
activities  in  response  to  activated  polyamine  catabolism  has 
been  previously  noted  in  various  other  tissues  of  the  SSAT 
mouse  (24)  and,  thus,  is  not  unique  to  the  prostate.  The  conse¬ 
quence  of  this  effect,  however,  seems  to  be  selective  for  both  the 
male  and  female  reproductive  tracts  since,  as  noted  above, 
these  are  the  only  two  organs  that  are  underdeveloped  in  SSAT 
transgenic  mice. 

Guided  by  earlier  findings  in  the  LNCaP  system  (21),  we 
examined  the  downstream  consequences  connecting  height¬ 
ened  metabolic  flux  to  growth  inhibition  or,  in  this  case,  sup¬ 
pression  of  tumor  outgrowth  (Pig.  1).  Hence  we  focused  on  two 
classes  of  contributing  events:  toxic  accumulation  of  metabolic 
products  such  as  acetylated  polyamines  or  depletion  of  critical 
metabolic  precursors  such  as  the  ami  nopropyl  donor  AdoMet 
and/or  the  SSAT  cofactor  acetyl-CoA.  Among  the  accumulated 
products,  Put  and  AcSpd  represent  possible  sources  of  tumor 
growth  inhibition  in  bigenic  mice  and  were  not  investigated 
further.  On  the  precursor  depletion  side,  the  polyamine  amino- 
propyl  donor  AdoMet  and  the  SSAT  cofactor  acetyl-CoA  were 
found  to  be  significantly  decreased  in  both  SSAT  and  TRAMP/ 
SSAT  prostates.  AdoMet  pools  were  40%  lower  in  bigenic  than 
in  TRAMP  mice  (Fig.  4 B).  Even  greater  decreases  were  ob¬ 
served  in  the  livers  of  SSAT  transgenic  mice.  Although  AdoMet 
is  known  to  be  critically  involved  in  methylation  reactions,  it 
seems  doubtful  that  the  40%  pool  reduction  seen  in  the  prostate 
tumors  was  growth-limiting  since  the  liver  showed  a  much 
greater  decrease  (85%)  without  obvious  pathology  and  since  the 
polyamines  synthesized  using  AdoMet,  Spd  and  Spm,  were  not 
decreased  in  the  prostate  tumors  of  bigenics.  This  does  not, 
however,  exclude  the  possibility  that  AdoMet  is  being  prefer¬ 
entially  diverted  to  polyamine  biosynthesis  at  the  expense  of 
methylation  reactions. 

Attention  was  then  focused  on  acetyl-CoA,  which  in  addition 
to  serving  as  a  cofactor  to  SSAT  is  critically  involved  in  fatty 
acid  metabolism,  cholesterol  synthesis,  and  chromatin  struc¬ 
ture  involving  histone  acetylation.  Acetyl-CoA  was  impres¬ 
sively  —90%  lower  in  prostates  of  SSAT  mice  than  in  wild-type 
mice  and  —70%  lower  in  TRAMP/SSAT  mice  than  in  TRAMP 
mice  (Fig.  4C).  By  contrast,  the  acetyl-CoA  pools  in  the  livers  of 
SSAT-bearing  mice  relative  to  non-SSAT-bearing  mice  were 
not  similarly  affected,  consistent  with  the  primary  role  of  this 
organ  in  fat  metabolism.  Given  the  metabolic  significance  of 
acetyl-CoA,  it  is  conceivable  that  the  70%  reduction  in  pools 
seen  in  TRAMP/SSAT  mice  could  impact  negatively  on  tumor 
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Fig.  5.  Abdominal  fat  stores  in  wild-type  and  SSAT  transgenic 

mice  at  30  weeks.  A  comparison  of  dissected  mice  {upper  panel)  shows 
the  presence  of  largo  abdominal/mesentcric  fat  deposits  in  wild-type 
animals  {left)  and  the  absence  of  similar  deposits  in  the  SSAT  trans¬ 
genic  animals  {right).  Representative  high  resolution  transaxial  MR 
images  {lower  panels )  of  wild-type  {left)  and  SSAT  {right)  mice  are 
shown.  Note  the  presence  of  abdominal  and  subdermal  fat  (seen  as 
bright  areas)  in  wild-type  mice  and  the  absence  of  similar  deposits  in 
SSAT  transgenic  mice. 

growth.  An  indication  that  such  perturbations  may,  in  fact, 
interfere  with  fatty  acid  metabolism  is  strongly  suggested  by 
the  observation  that  SSAT  mice  have  markedly  depleted 
abdominal  and  subdermal  fat  stores  relative  to  wild-type 
mice  (Fig.  5),  an  effect  not  previously  reported  in  the  original 
characterization  of  these  mice  (24). 

As  previously  reported  (21),  acetyl-CoA  was  also  found  to 
be  decreased  during  conditional  overexpression  of  SSAT  in 
LNCaP  cells  although  not  to  the  same  extent  as  seen  here.  In 
cells,  the  effect  correlated  closely  with  growth  inhibition,  but  it 
could  not  be  causally  linked  to  it.  There  are  many  previous 
reports  suggesting  a  critical  role  for  fatty  acid  metabolism  in 
the  prostate  and  prostate  cancer.  Intracellular  lipidogenesis 
and  de  novo  fatty  acid  metabolism  at  the  level  of  fatty-acid 
synthase  expression  are  known  to  be  increased  by  androgens 
and  have  been  implicated  in  aberrant  growth  of  prostate  tumor 
cells  (40-42).  The  concept  that  tumors  are  more  dependent 
than  normal  tissues  on  de  novo  fatty  acid  synthesis  has  led  to 
the  development  of  fatty-acid  synthase  inhibitors  as  anticancer 
agents  for  specific  tumor  types  including  prostate  cancer  (43- 
45).  Recently  Pflug  et  al.  (45)  demonstrated  that  the  up-regu¬ 
lation  of  fatty-acid  synthase  expression  plays  a  role  in  tumor- 
igenesis  in  the  TRAMP  model  and  that  prostate  tumor  cells  are 
particularly  sensitive  to  fatty-acid  synthase  inhibition.  Since 
acetyl-CoA  and  malonyl-GoA  are  condensed  by  fatty-acid  syn¬ 
thase  to  ultimately  generate  the  16-carbon  polyunsaturated 
fatty  acid  palmitate,  these  findings  imply  a  high  dependence  of 
prostate  cancer  on  acetyl-CoA  stores.  In  addition  to  playing  a 
critical  role  in  fatty  acid  metabolism,  acetyl-CoA  is  also  in¬ 
volved  in  controlling  chromatin  structure  via  histone  acetyla¬ 
tion.  The  latter  opens  chromatin  structure  and  transcription¬ 
ally  activates  certain  genes  including  some  that  mediate  cell 
growth  (46).  Under  conditions  of  limiting  acetyl-CoA,  such  as 
those  achieved  in  the  prostate,  it  is  possible  that  transcription 
of  these  growth-related  genes  may  be  repressed. 

CONCLUSIONS 

The  present  data  provide  unique  insights  into  the  in  vivo 
biological  potential  of  SSAT  as  a  modulator  of  polyamine  ho¬ 
meostasis,  cellular  metabolism,  and  tumor  cell  growth.  These 
findings  are  reinforced  by  similar  in  vitro  observations  in 
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syAT-overexpressing  LNCaP  cells  (21),  Both  findings  indicate 
tHat  SSAT  overexpression  leads  to  up-regulation  of  ODC  activ¬ 
ity  and  to  heightened  metabolic  flux  through  the  polyamine 
pathway,  which,  in  turn,  has  a  significant  impact  on  AdoMet 
and  acetyl-CoA  metabolism  in  both  prostate  cancer  cells  and 
tumors.  To  our  knowledge,  this  has  not  been  previously  re¬ 
ported.  The  further  possibility  that  these  various  metabolic 
perturbations  may  be  responsible  for  the  observed  antitumor 
effect  lends  a  novel  dimension  to  SSAT  induction  that  was  not 
previously  appreciated.  More  importantly,  this  study  provides 
in  vivo  validation  for  the  idea  that  pharmacological  induction  of 
SSAT  may  represent  an  effective  therapeutic  or  preventive 
strategy.  The  finding  that  the  normal  prostate  was  underde¬ 
veloped  in  the  SSAT  transgenic  mice  would  seem  to  indicate 
that  such  an  approach  may  be  best  suited  for  prostate  cancer  in 
part  because  the  organ  itself  appears  to  be  uniquely  dependent 
on  acetyl-CoA  as  discussed  above.  The  findings  further  suggest 
that  a  specific  small  molecule  inducer  of  SSAT  may  find  use¬ 
fulness  in  targeting  prostate  cancer.  There  are  a  number  of 
compounds  that  induce  SSAT  (5)  with  the  best  known  being 
polyamine  analogues  such  as  ArlrArll-diethylnorspermine  (13, 
47,  48).  Although  such  analogues  are  potent  inducers  of  SSAT, 
they  also  down-regulate  polyamine  biosynthesis,  a  response 
that  would  preclude  heightened  metabolic  flux,  which  appears 
to  be  critical  to  the  antiproliferative  effect  seen  here  (21).  In 
addition,  down-regulation  of  polyamine  biosynthetic  enzymes 
may  account  for  the  toxicity  of  polyamine  analogues  (12, 15,  16) 
since  it  is  known  that,  unlike  SSAT  overexpression,  which 
permits  normal  development  except  for  hair  loss  and  hypode- 
veloped  reproductive  tracts,  ODC  knock-out  is  embryonically 
lethal  in  mice  (49).  When  taken  together  with  the  current  data, 
these  rationales  present  a  compelling  case  for  the  discovery  and 
development  of  a  specific  small  molecule  inducer  of  SSAT  as  a 
potential  anticancer  agent.  In  addition  to  having  single  agent 
potential,  such  a  molecule  may  find  application  in  augmenting 
the  activity  of  certain  clinically  useful  anticancer  agents.  For 
example,  we  have  recently  shown  (50)  that  oxaliplatin  and 
cisplatin  potently  up-regulate  SSAT  gene  expression  and  that 
co-treatment  with  A/rlgV11-diethylnorspermine  potentiates  in¬ 
duction  of  SSAT  enzyme  activity  as  well  as  inhibition  of  cell 
growth.  Presumably  a  specific  SSAT  inducer  would  behave 
similarly  but  with  less  host  toxicity. 
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